a 


NASA TECHNICAL 

MEMORANDUM 


lo 

C»4 

I 

X 





CASE FILE I 

COPY- ^ I 


TURBULENT-BOUNDARY-LAYER DEVELOPMENT 
ON A MOVING GROUND BELT 
OF ROUGH TEXTURE 

by Alan T. Roper and Garl L. Gentry, Jr. 

Langley Research Center 
Hampton, Va. 23365 




NATIONAL AERONAUTICS AND SPACE ADMINISTRATION • WASHINGTON, D. C. • APRIL 1972 






1. Report No. 2. Government Accession No. 

NASA TM X-2515 

3. Recipient's Catalog No. 

4. Title and Subtitle 

TURBULENT -BOUNDARY- LAYER DEVELOPMENT ON A 
MOVING GROUND BELT OF ROUGH TEXTURE 

5. Report Date 

April 1972 

6. Performing Organization Code 

7. Author(s) 

Alan T. Roper, Rose-Hulman Institute of Technology; 
and Garl L. Gentry, Jr. 

8. Performing Organization Report No. 

L-7845 

10. Work Unit No. 

136-63-02-07 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, Va. 23365 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Memorandum 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D. C . 20546 

14. Sponsoring Agency Code 

15. Supplementary Notes • 


16. Abstract 


The equations presented can be used to predict the shape factor and the ratio of the 
momentum thickness to the relative momentum thickness with reasonable accuracy for a 
moving ground belt provided that the stationary quantities are known and the two following 
basic approximations are valid: (1) Shape factor based upon velocity relative to the ground 
belt is nearly independent of the ratio of belt velocity to free-stream velocity and (2) the 
ratio of moving-belt momentum thickness to stationary-belt momentum thickness is inde- 
pendent of the coordinate measured in the stream wise direction. In addition, the integral 
quantities, momentum thickness and displacement thickness, can be predicted for the moving 
ground belt by using an empirically determined polynomial whose coefficients will change 
with different belt roughnesses. 


17. Key Words (Suggested by Author(s)} ■ - *’ 

Boundary-layer parameters 
Moving-belt ground plane 


18. Distribution Statement 

Unclassified ■ 

- Unlimited 


19. Security Classif. (of this report) 

20. Security Classif. (of this page) 

21. No. of Pages 

22. Price* 

Unclassified 

Unclassified 

26 

$3.00 


For sate by the National Technical Information Service, Springfield, Virginia 22151 





















TURBULENT-BOUNDARY-LAYER DEVELOPMENT ON A 
MOVING GROUND BELT OF ROUGH TEXTURE 


By Alan T. Roper* and Garl L. Gentry, Jr. 

Langley Research Center 

SUMMARY 

Equations are presented which can be used to predict the shape factor and the ratio 
of the momentum thickness to the relative momentum thickness with reasonable accufacy 
for a moving ground belt of rough texture provided that the stationary quantities are known 
and the two following basic approximations are valid: (1) Shape factor based upon veloc- 
ity relative to the ground belt is nearly independent of the ratio of belt velocity to free- 
stream velocity and (2) the ratio of moving-belt momentum thickness to stationary-belt 
momentum thickness is independent of the coordinate measured in the streamwise direc- 
tion. In addition, the integral quantities, momentum thickness and displacement thickness, 
can be predicted for the moving ground belt by using an empirically determined polynomial 
whose coefficients will change with different belt roughnesses. 

INTRODUCTION 

Considerable interest has been displayed recently in tube vehicle systems. Funda- 
mental to the design of such a system is the near-field fluid behavior, an important part 
of which is the boundary-layer development on both the vehicle and the tube wall. The 
wall layer is analogous to a boundary layer developing over a moving ground plane 
traveling at a velocity equal to the free-stream velocity. The moving-belt ground plane 
in the Langley 300-MPH 7- by 10-foot tunnel has provided an invaluable source of 
empirical information for such layers. The problem of fluid behavior is of interest in 
other areas; for example, in the development of boundary layers behind a moving expan- 
sion wave such as in a Ludwieg tube type tunnel. 

All present methods of turbulent-boundary-layer calculation rely heavily upon 
empirical information. Since no significant body of such information exists for the moving 
ground plane, any useful method of prediction must originate from stationary-ground-plane 
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methods. The purpose of this study is to find a way to accomplish the transition from 
stationary- to moving- ground-plane methods. 

SYMBOLS 

The units used for the physical quantities in this report are given both in Interna- 
tional System of Units (SI) and in the U.S. Customary Units. Measurements and calcula- 
tions were made in the U.S. Customary Units. 

Cj local skin-friction coefficient 

Cf . total skin-friction coefficient 

g(R) empirically determined polynomial (see eq. (14)) 

H shape factor, 6*/ 6 

r exponent of u (see eq. (6)) 

R velocity ratio, 

u local x-component of velocity, m/sec (ft/sec) 

U free-stream x-component of velocity, m/sec (ft/sec) 

V local y-component of velocity, m/sec (ft /sec) 

ground-belt speed, m/sec (ft/sec) 

X * coordinate measured in streamwise direction, cm (in.) 

x' dummy variable 

y coordinate measured normal to ground plane, cm (in.) 

6 boundary-layer thickness 

6* displacement thickness 
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e 


momentum thickness 


p density, kg/m3 (slugs/ft3) 

T shearing stress 

Subscript: 

o a stationary ground-belt quantity or at y = 0 

A tilde (~) over a symbol indicates a relative quantity or one based upon velocity 
relative to the ground belt. 


ANALYSIS 
Experimental Data 

Data analyzed in this study were taken from boundary-layer velocity profiles 
reported in reference 1. These velocity profiles were obtained in the 5.18-meter (17-ft) 
test section of the Langley 300-MPH 7- by 10-foot tunnel, which was fitted with a moving- 
belt ground board (ref. 2). Velocity profiles were measured at a free-stream dynamic 
pressure of 526.7 N/m2 (11 lbf/ft2), a free-stream velocity of 29.26 m/sec (96 ft/sec), 
and a Reynolds number per unit length of 20.1 x lo5 per meter (6.1 X 105 per ft) at sta- 
tions 0.41, 1.37, and 2.62 meters (16, 54, and 103 in.) aft of the leading edge of the belt, 
as illustrated in figure 1. Ratios of Vg/U of approximately 0, 0.26, 0.52, 0.78, and 
1.00 were used in the investigation. Velocity-profile data obtained from original data 
plots (ref. 1) are listed in table I, and a summary of gross boundary-layer parameters 
from velocity profiles for stations 1,37 and 2.62 meters (54 and 103 in.) are presented in 
table II. No corrections have been applied to the data. 

The belt installed during the tests was made of a woven woolen material with a 
feltlike surface. The behavior of the boundary layer over such a rough texture will 
differ from what would be expected over a smooth surface. To determine the effect 
of the roughness of the belt, a smooth thin metal plate was placed over the belt, and the 
boundary -layer profile was measured at a station 1.42 meters (55,90 in.) from the 
leading edge of the belt at Vb = o (ref. 2), The metal plate was removed and another 
boundary-layer profile was taken over the belt at the identical location. The results pre- 
sented in figure 2 show that the boundary layer is definitely thicker when the woolen belt 
is used. 

In all tests, the tunnel boundary layer was bled off at the leading edge of the belt, 
and the belt layer is assumed to start from zero thickness at that point. In practice, 
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complete removal of the tunnel boundary layer was not achieved. (See R = 1.0 profiles 
in table I.) Additional disturbances were caused at the leading edge by the slot (between 
the suction plate and the belt) and the natural entrainment of air from this slot by the belt 
motion. Since these disturbances, as well as the transient conditions associated with the 
initial stages of the boundary-layer development, are most strongly apparent at the sta- 
tion nearest the leading edge (fig. 9(a), ref. 1), only stations 1.37 and 2.62 meters (54 and 
103 in.) were included in the analysis of this report. (For convenience, these stations 
will be designated as stations 1.37 and 2.62 throughout the remainder of this report.) The 
data at these stations are shown in figure 3 in the form of relative velocity ratio 


5 _ ^ - Vb 

U U - Vb 

as a function of y. 

Summary charts for the variation of 
the integral parameters 



( 1 ) 

X with the boundary-layer thickness 6 and 

(2a) 

(2b) 

(2c) 

(2d) 


are presented in figure 4. 

If the absolute velocities in equations (2a), (2b), and (2c) are replaced by relative 
velocities, the following relative integral parameters are obtained; 
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The integral parameters listed in equations (2) and (3) were determined from the mea- 
sured data. Their variation with the ratio R = Vg/U is presented in figure 5. 

Stationary -ground-plane integral parameters can be written in terms of relative 
boundary-layer parameters by using the relations 


6* = (1 - R)6* 

(4a) 

e = (l - R)^^+R(l - R)6* 

(4b) 

H = r 

(4c) 

1 + r(h - l) 



Theoretical Considerations 

The boundary-layer equations for two-dimensional incompressible flow over a flat 
plate are 


u 


8x 8y 


i 

P 9y 


(5a) 


8u ^ 9y 
dx dy 


= 0 


(5b) 


The rth moment of the momentum equation can be generated in its usual form as 



Application of the continuity equation and the boundary conditions 


( 6 ) 


u(x,0) = Vg 
u(x,6) = U 
v(x,0) = 0 


permits the integration of equation (6) and gives 



( 7 ) 
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where 



(8a) 


Bj, = -(r + 1) 



(8b) 


The integral form of the moment equation is obtained from equations (5) and (6) by 
setting r = 0. The result is 


— - _ Si 

dx pu2 2 


(9) 


Equation (9) remains unchanged from the stationary-ground-plane expression, which 
implies that the form of the dependence of local skin-friction coefficient upon 6 remains 
unchanged when the ground belt is set in motion. 


Proposed Solution 

The data presented in figure 5(d) suggest that H is more nearly independent of R 
than any of the other parameters (maximum observed variation being approximately 
7 percent). For stations 1.37 and 2.62, the following approximation is made: 


H(x,R) « H(x,0) = Hq(x) (10) 

Equation (4b) can be rewritten as 

® » (1 - R)2 + R(1 - R)Hq (11) 

e 

A comparison between values predicted by equation (11) and measured data is presented 
in figure 6. Agreement is very good, with a maximum deviation on the order of 3 percent. 

By means of the same approximation, equation (4c) can be rewritten as 


H 


H, 


1 + r(Ho - 1) 


( 12 ) 


This approximation (also shown in fig. 6) is satisfactory and has a maximum deviation 
from the measured data of approximately 5 percent. Other ratios could be produced in 
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the same manner but are not particularly useful. It is interesting to note, however, that 
equation 4(a) implies that 6^6* is independent of x and stationary-ground-plane 
conditions. 

Equations (10) to (12) partly describe the behavior of the moving-ground-plane 
boundary layer. It is desirable, however, to be able to predict the parameters 0 and 
6* themselves for R ^ 0. 

Examination of measured values of the ratio 0/0 q (fig. 7) reveals a much weaker 
dependency upon x than upon R. Therefore, on the basis of existing data, the approxi- 
mation 


4 - = g(H) (13) 

^0 

appears to be valid, where the function g(R) can be represented by a polynomial in R. 
Accordingly, the expression 

g(R) = (1 - R)[l - 0.411R + 0.013R(1 + R)] (14) 

was selected to represent the data. The values of the coefficients in the expression for 
g(R) may change for different ground-belt roughnesses, however. 

K approximation (14) is combined with approximation (13), the result is as follows: 

0 = (1 - R)(l - 0.398R + O.O13R2)0 q (15) 


A comparison of values of 0 predicted from equation (15) with those obtained by experi- 
ment is presented in figure 8. The agreement between predicted and measured values is 
very good. 

The displacement thickness 6* can be obtained from the product of equations (12) 
and (15) as 


Hq( 1 - R)(l - 0.398R + O.O13R2)0 q 
^ " 1 + R(Ho - 1) 


(16) 


Values of 6* computed from equation (16) are compared with experimental data in fig 
ure 9. Again, the agreement between predicted and measured values is very good. 
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The validity of the equations obtained in this study rests ultimately upon the 
following approximations: H is nearly independent of R and 0 / 6 q is nearly inde- 
pendent of X. Further experimental information (ref. 3) indicates that the numerical 
values of the coefficients in the expression for g(R) (eq. (14)) change for the smooth- 
belt case. Too little information exists at the present time, however, to speculate as to 
the universality of the new coefficients. 

CONCLUDING REMARKS 

The equations presented can be used to predict the shape factor and the ratio of the 
momentum thickness to the relative momentum thickness with reasonable accuracy for a 
moving ground belt provided that the stationary quantities are known and the two following 
basic approximations are valid: (1) Shape factor based upon velocity relative to the 
ground belt is nearly independent of the ratio of belt velocity to free-stream velocity and 
(2) the ratio of moving-belt momentum thickness to stationary-belt momentum thickness 
is independent of the coordinate measured in the streamwise direction. In addition, the 
integral quantities, momentum thickness and displacement thickness, can be predicted 
for the moving ground belt by using an empirically determined polynomial whose coeffi- 
cients will change with different belt roughnesses. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., March 3, 1972. 
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Tunnel C 



(a) Elevation. 

Figure 1.- General arrangement of test setup over the moving-belt ground plane. 
All linear dimensions in meters. (To convert values in meters to inches, 
multiply by 39.37.) 
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Height above ground plane, cm 
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Figure 2.- 


Boundary-layer profile on belt and on nmooth metal plate. 
Station 1.42 meters (56 in.); R - 0. 
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Figure 3.- Boundary-layer profile over moving-belt ground plane. 
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Figure 3.- Concluded. 


station 



(a) 6, 6*, and H. 

Figure 4.- Variation of boundary-layer parameters with x over 
moving-belt ground plane. 







(b) 6 and Cfj^2. 
Figure 4.- Concluded. 
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m and (Cf/2)x !0 



Boundary-layer thickness , S, ft 



(a) Boundary-layer thickness 6. 

Figures.- Variation of boundary-layer parameters with R. 
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Boundary-layer thickness , S, m 



S'and S', ft 



0 .2 4 .6 .8 !.0 

R 

(b) 6* and 6*. 

Figure 5.- Continued. 
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(c) Q and 6. 
Figure 5.- Continued. 
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8 and 0 


5 tat ion R 

1.37 2.62 






(e) Total skin-friction coefficient. 
Figure 5.- Concluded. 
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Figure 7.- Comparison of predicted and measured values of o/d 
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Figure 9.- Comparison of predicted and measured values of 6*. 
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